Background and Purpose: A great deal of attention has been focused on "typical" interictal epileptiform discharges (IEDs) in the electroencephalography (EEG) literature. However, there is a paucity of data on "atypical" IEDs, namely, positive sharp waves (PSWs), focal triphasic sharp waves and spikes (FTSWs), sharp slow waves (SSWs), bifid spikes, and "notched" delta. In this present study, we sought to address the pathophysiology, characteristics, and diagnostic significance of "atypical" IEDs in clinical neuroscience.
Introduction
Interictal epileptiform discharges (IEDs) in an electroencephalogram (EEG) are the product of a summation of excitatory post-synaptic potentials (EPSPs) and inhibitory postsynaptic potentials. 1 IED is an electro-clinical term that is typified by sharp waves and spikes, defined as waveforms that are distinct from background activity with their high voltage (at least two-and-a-half times that of the background amplitude). Their duration may vary from less than 70 ms (spikes) to greater than 70 ms (sharp waves). The polarity of IED in scalp recordings is typically negative, reflecting the action of perpendicularly oriented dipoles in the cortex with negativity near the surface. [2] [3] [4] [5] Generally speaking, IEDs are considered to be a biomarker of epilepsy; however, certain characteristics of sharp waves and spikes may indicate the presence of specific or syndromic anomalies (e.g., West syndrome, Lombroso's syndrome).
Although a great deal of attention has been drawn to the characteristics of typical IEDs, there is a paucity of data on "atypical" IEDs (aIEDs) and their pathophysiology, characteristics, and diagnostic significance. Accordingly, we sought to address this topic in a heterogeneous group of patients and to inform clinicians of the significance of IED characteristics, which we believe is often ignored in interpreting epileptiform discharges in EEGs. This study is underpinned by our assertion that attemptting to broaden the existing knowledge of IEDs in clinical neuroscience is the sine qua non in improving the diagnosis, classification, and management of epilepsies.
Methods
Between January 1, 2013 and January 1, 2015, we prospectively reviewed a total of 1,250 EEGs performed at King Khalid University Hospital, a tertiary-care facility and the hospital general hospital in Ha'il, Kingdom of Saudi Arabia. The EEGs were conducted for hospital inpatients and outpatients, patients referred by peripheral hospitals, and residents of the institute with intellectual disabilities. The EEGs were performed according to the guidelines adopted by the American Clinical Neurophysiology Society. 6 The EEGs were all reviewed and interpreted by a neurologist certified by the American Board of Neurology and the American Board of Clinical Neurophysiology. A second opinion was obtained from an EEG fellow when aIEDs were present. Sleep recordings were obtained in the majority of cases, and hyperventilation was performed in cooperative patients in whom no contraindications to this procedure existed. Photic stimulation was universally performed. Seventy percent of the referrals were made for confirmation and classification of seizures, including epileptic seizures. Other reasons for EEG referrals included cranio-cerebral trauma, encephalopathies, cerebrovascular accidents, delirium, dementia, space-occupying lesions, and neurodevelopmental disorders.
For interpretation of IEDs, we used the guidelines adopted by Maulsby. 7 In addition to typical sharp waves and spikes, we identified five distinct aIEDs: positive sharp waves (PSWs), focal triphasic sharp waves and spikes (FTSWs), sharp slow waves (SSWs), bifid spikes, and "notched" delta. We defined PSWs as IEDs with positive polarity (Fig. 1) , with a duration of 80 to 200 ms and an amplitude of 100 to 300 microvolts. We speculate that PSW reflects an augmentation of the deep cortical EPSPs, giving rise to a prominent positive trough, obfuscating the negative component of the sharp wave or spike on the surface EEG. FTSW are IEDs with prominent sinusoidal (dome-shaped) after-coming slow waves (ASW) with negative polarity, configuring a triphasic morphology (Fig. 2 ). Their amplitude varies from 100 to 300 microvolts with a duration of 150 to 500 ms. The prevailing theory on pathogenesis of this pattern is simultaneous augmentation of EPSPs in both upper and lower cortical neurons (emanating from a local cortical deafferentation), resulting in the generation of a prominent ASW. SSWs are focal, sharply contoured large slow waves with a negative polarity and an amplitude of 150 to 500 microvolts with a duration of 200 to 500 ms (Fig. 3) . The putative theory is that in certain types of cerebral insult there is augmentation of deep cortical EPSPs associated with widespread projection of this activity to the surface, giving rise to SSWs. Bifid spikes are composed of a succession of two negative spikes presenting in a bifid or conjoined morphology resembling the cardiac M pattern in right-bundle-branch block (Fig. 4) . The pathogenesis may be a "conduction defect" in projection fibers. Notched delta (ND) is composed of a delta wave superimposed by sharp waves or spikes on its descending or ascending phase (Fig. 5 ). This pattern is theoretically generated in the cortex where spatiotemporal averaging of electrical signals from deep pacemakers takes place. When these signals reach the cortex asynchronously, they result in the formation of peculiar EEG patterns such as ND. Physiological sharp waves and electrocardiography, environmental, and as well as electrode artifacts were identified and excluded. Upon completion of the EEG data collection, to collect further pertinent data, we began to retrospectively review the hospital records of patients who had demonstrated aIEDs in their EEG. In addition to demographic data the following clinical data were documented: neurological findings, general physical examination, diagnosis, presence or absence of seizures, seizure type, seizure frequency, seizure chron- Values are presented as number (%). aIED, atypical interictal epileptiform discharge. 
Results
Of the original 1,250 patients that we reviewed 115 patients had AIEDs in their EEG. There was a preponderance of temporal lobe foci in this population. Age distribution of our patients is shown in Table 1 . Thirty patients (2.4%) had PSWs, 26 patients (2%) had FTSWs, 30 patients (2.4%) showed SSWs, 24 (1.9%) had notched delta, and four (0.3%) patients had bifid spikes in their EEG. In one patient PSWs and FTSWs co-existed.
Ninety-six percent of patients with PSWs had a diagnosis of epilepsy, compared to 100% FTSWs and SSWs patients. Among patients with notched delta 95% had epileptic seizures and in patients
Neurological disorders
Number of patients Epilepsy 109
Cerebral palsy 9
Psychomotor retardation 4
Hydrocephalus 7
Syndromic congenital anomalies 39
Many patients had more than one diagnosis. aIED, atypical interictal epileptiform discharge. Values are presented as number (%). MRI, magnetic resonance imaging; aIED, atypical interictal epileptiform discharge. Table 2 . Miscellaneous EEG findings are summarized in Table 3 . Moreover, 39 patients (34%) had congenital central nervous system (CNS) anomalies (Table 4 ). Of the original 1,250 patients that we had reviewed 410 patients had "typical" IEDs in their EEG. In this population we found 25 cases (6%) of congenital CNS anomalies. Sixty percent of patients were on monotherapy with successful seizure control, while 40% of patients required polytherapy. For focal and generalized epilepsy types both old-generation anticonvulsants (carbamazepine, valproic acid, phenytoin, and phenobarbital) and new-generation anticonvulsants (topiramate, lamotrigine, and levetiracetam) were used. Specifically, in genetic generalized epilepsies and in myoclonic epilepsies we used valproic acid in males and lamotrigine in females. Occasionally, we prescribed levetiracetam or topiramate as second line therapy in myoclonic epilepsies. The two patients with West syndrome were treated with a combination of vigabatrin and carbamazepine.
Discussion
Original studies of IEDs primarily involved intracranial EEGs, therefore marking a milestone in the field of epilepsy. Later studies confirmed that intracranial epileptiform discharges and scalp IEDs have common pathophysiological mechanisms. 9 Nevertheless, there are some differences: intracranial discharge are more frequent, more variable, shorter in duration, sharper in configuration, and more complex in their topography. There are several factors that determine the morphology of scalp IEDs. First, the decay time of IEDs depends the dendritic location of synaptic structures and the active and passive membrane properties of the discharging neurons. This defines the "time-constant" (capacitance) of the decay phase. The larger the capacitance of these neurons, the longer the time course of the EPSPs, resulting in a longer duration of IEDs (exemplified by SSWs). Second, the frequency, phase, and amplitude of the waveforms combine to generate various types of IEDs (e.g., sharp waves, spikes, spike-wave complexes). Third, spatio-temporal averaging of electrical signals is generated in the cortex when projecting to the scalp. When these projections are widespread the discharges become asynchronous, reaching the scalp with different latencies, resulting in increased duration and blunted waveforms (typified by SSW). Conversely, sharply localized phenomena, such as PSWs, are scarcely recordable from the scalp. Fourth, the synchrony of firing in intracranial recordings determines the amplitude of IEDs. Therefore, the greater the synchronicity, the larger the size of single waveforms.
In the present study, we have presented data on a subgroup of IEDs ("aIEDs") that have distinct characteristics. To explain this finding, it is important to discuss the pathophysiological mechanisms of this subgroup and the several theories that have been posited. PSWs, which have systematically been studied in the past, [10] [11] [12] [13] [14] are believed to be induced by cortical deafferentation leading to augmentation of the deep cortical EPSPs. This induces a prominent "positive trough", which is recorded as PSWs, obfuscating the negative component of the spike or sharp wave. Similarly, cortical deafferentation has been implicated in the genesis of FTSWs, where pacemakers located in deeper structures of the brain, such as the entorhinal-hippocampus complex may be the source of this activity. 15 SSWs are thought to originate in lower cortical layers where augmentation of deep cortical EPSPs occurs. 16 This is followed by widespread projection of this activity to the surface, inducing SSWs. Theoretically, this process is triggered by cortical deafferentation due to a sub-cortical pathology. Bifid spikes 17 and "notched" delta 18 are presumed to emanate from conduction defects in projection fibers, resulting in the electrical signals reaching the scalp with different latencies, configuring a "notched" appearance. At this juncture, we wish to posit an alternate theory for the generation of aIEDs as follows: it is conceivable that some of these patients may have a co-existing type 1 focal cortical dysplasia (FCD) that MR images are not able to reveal. 19 The underlying pathology of FCD is either cortical laminar disruption or cortical architectural anomaly, which could affect the polarity or morphology of IEDs. Clinically, patients with type 1 FCD present with early or, more typically, adult-onset temporal lobe epilepsy, which is often associated with mental retardation. The typical EEG finding in FCD is temporal lobe IEDs, whereas stereotyped rhythmic discharges and "ripples" may also be present. 20 The topography of IEDs (predominantly temporal) and the presence of intellectual delay in most of our patients supports this theory. FCD may be genetic or acquired in origin. We anticipate that with further advances in MRI technology, perhaps more cases of type 1 FCD will be discovered, in which case the EEG correlates of this pathology will be further defined.
It is important to note that SSWs, PSWs, and bifid spikes display a narrow field distribution with a limited projection both ipsilaterally and contralaterally, whereas FTSWs have limited projection contralaterally. We believe this limited field distribution reflects the preserved integrity of the "inhibitory restraint" (also known as "surround inhibition") that interferes with regional or transcallosal transmission.
The high incidence of congenital CNS anomalies in the aIED group (39%) versus the IED group (6%) is in accord with previous findings published in the literature. [14] [15] [16] [17] [18] For example, FTSW are characteristic of Rolandic epilepsy whereas ND was originally thought to be pathognomonic of Angelman syndrome. Additional broad-based studies of aIED in the future may reveal associations between these EEG patterns and certain congenital CNS anomalies enabling the aIEDs to serve as biomarkers for these disorders. We found a higher incidence of aIEDs in the younger age groups, primarily affecting those in the first two decades of life. We posit three theories to explain this demographic preference. First, with the passage of time, there is an evolution of aIEDs caused by a decline in the ability of the ageing cortex to generate these discharges. Second, chronic anticonvulsant therapy may suppress this activity. Finally, the high risk of early death in the group with a congenital anomaly, which constituted a significant number of our cohorts, precludes any longterm EEG analysis.
The prevalence of individual aIEDs in our sample (1,250 patients) was very low (9.2%). However, since the study was conducted at a tertiary-care facility, there could be a referral bias in the recruitment of patients. Therefore, it is difficult to determine the prevalence of these patterns within the general population.
In conclusion, aIEDs are rare and under-reported EEG patterns with focal and potential epileptogenic significance. Although several mechanisms may be involved in the pathogenesis of aIEDs, we believe the most compelling theory to be the existence of deep cortical pacemakers. Further, the presence of aIEDs may indicate co-existing chronic or static central nervous system pathologies, predominantly congenital central nervous system anomalies. Thus, our study the significance of neuroimaging (particularly MRI) in investigating patients with aIEDs. Future research should focus on the evaluation of aIEDs in individual cases, and on applying more sophisticated neuroimaging technology to further define the underlying pathophysiological mechanisms of these patterns.
